S p e c I a l I S S u e O N I N t e r N a l WaV e S aBStr act. Kelvin-Helmholtz (KH) instability, characterized by the distinctive finite-amplitude billows it generates, is an important mechanism in the development of turbulence in the stratified interior of the ocean. In particular, it is often assumed that the onset of turbulence in internal waves begins in this way. Clear recognition of the importance of KH instability to ocean mixing arises from recent observations of the phenomenon in a broad range of oceanic environments. KH instability is a critical link in the chain of events that leads from internal waves to mixing. After 150 years of research, identifying the prevalence of KH instability in the ocean and defining useful parameterizations that quantify its contribution to ocean mixing in numerical models remain first-order problems.
INtrODuctION
A regime of strongly nonlinear fluid motions exists at scales smaller than can be resolved by global ocean models. They include a broad range of phenomena that exhaust at least some of their energy to turbulence. While these organized motions are generally well understood, there is as yet no deterministic theory for the resulting turbulence. In practice, we understand turbulence through the statistics of its density, velocity, and vorticity fluctuations. Turbulence stirs the ocean, stretching material surfaces and locally increasing gradients to the point that they rapidly and irreversibly diffuse at molecular scales. This process is ultimately responsible for mixing the ocean. Seen from the side, such clouds often take shapes similar to those of surface waves breaking on a beach. Figure 1 shows vivid examples from the atmosphere and from a low-level shear flow in the Canadian Arctic. Increasingly highfidelity ocean measurements have led to clear observations of the presence and structure of KH billows in the ocean.
In this article, we review the history and current status of research into KH instability with a focus on its role in the energy cascade from oceanic internal waves to small-scale turbulence. by Taylor (1927 Taylor ( , 1931 , who also demonstrated stratification effects in the laboratory, and Goldstein (1931) . The equation that describes the instability in the absence of viscosity and diffusion is called the Taylor-Goldstein equation in their honor (Thorpe, 1969) . Miles (1961) and Howard (1961) showed the critical value of Ri to be ¼.
SOMe HIStOry
The occurrence of KH billows in the ocean was first revealed when scuba divers conducted dye-release experiments in the stratified thermocline of the Mediterranean Sea (Woods, 1968, shown here in Figure 3) (Thorpe, 2002) and thin striations consistent with convection rolls (Klaassen and peltier, 1991 The importance of KH instability has been documented observationally in a variety of oceanic regimes, for example, within strongly sheared estuarine flows (Geyer and Smith, 1987; Geyer et al., 2010) and at the edges of gravity currents (Wesson and Gregg, 1994) . 
KH INStaBIlIt y aND INterNal WaVe BreaKING
In uniform stratification (a useful approximation for the main thermocline), shear instability is dominant in waves of near-inertial frequency, where motions are nearly parallel and primarily horizontal. This is true even when wave amplitude is large enough that isopycnals are overturned (Dunkerton 1997; Lelong and Dunkerton, 1998a,b) . (However, instability differs from the standard KH model in that the mean flow structure is a sinusoid rather than a shear layer.)
Higher-frequency waves are more likely to break via convective instability.
Internal waves in the thermocline may also break via parametric subharmonic instability (e.g., Hibiya et al., 1998) , or by a resonance with small-scale instability such as salt fingering (Stern, 1969) . . tilting tank laboratory experiment in which a dense (here, dark) layer of fluid underlies a lighter fluid initially at rest. When the tank is tilted, buoyant forces accelerate the denser fluid down and the lighter fluid up the slope, thereby creating a velocity gradient across the interface and subsequent billow formation (Thorpe, 1971) .
Fringer, 2012, in this issue).
Many classes of ocean models implicitly assume mixing via shear instability by applying mixing in regimes of low Ri, for example, the one-dimensional mixed layer models of Mellor and Yamada (1982) and Price et al. (1986) .
The Gregg-Henyey-Polzin scaling of dissipation due to fine-scale internal wave interactions (Henyey et al., 1986; Gregg, 1989; Polzin et al., 1995) rests on a similar assumption. A direct connection between turbulence and low Ri in the North Atlantic thermocline has provided quantitative evidence for the prevalence of shear instability (Polzin, 1996) .
MecHaNIcS OF tHe eNerGy caScaDe
The tendency of vorticity in a parallel shear layer to accumulate into evenly spaced maxima is the primary driver of Peltier 1985, 1991 ).
This perturbation is identified as a secondary instability. In the example given in Figure 6 , the secondary instability is represented by its vorticity field, which describes a series of counter-rotating convection cells in regions of the core where the density field is overturned.
Similar motions have been seen in laboratory experiments (e.g., Thorpe 1985) , The first numerical simulations of KH instability were restricted to two dimensions due to memory limitations (e.g., Patnaik et al., 1976; Klaassen and Peltier, 1985) . These simulations confirmed the primary instability but could not resolve the subsequent transition to three-dimensional motion. Threedimensional simulations became possible in the 1990s (Caulfield and Peltier, 1994; Scinocca, 1995) and have been used in numerous studies since then as computational capacity has increased. Early numerical studies assumed that momentum and mass diffuse at the same rate, as is approximately true in air. Increasing computer size has also allowed simulations of instability in seawater, which is more difficult due to the slow diffusion rates of heat and salt (Smyth, 1999; Kimura and Smyth, 2007; Smyth and Kimura, 2011) .
In the example shown in Figure (Busack and Brummer, 1988) and in the ocean (Mack and Hebert, 1997; Sun et al., 1998) , and is 3 In the case of large-amplitude internal waves, the shear at a point in space is short-lived, and so also is near-critical Ri. The important issue of how long near-critical Ri must persist for instability to occur has been examined in laboratory and numerical experiments (Fructus et al., 2009; Inoue and Smyth, 2009; Barad and Fringer, 2010) . Oscillations in the upper equatorial pacific, thought to arise from KH instability, show a striking tendency to have frequency close to N, the buoyancy frequency. This is not a property of individual KH billows, but may follow from the statistics of a random ensemble of instabilities due to sporadic shear amplification by interacting gravity waves. consider a random ensemble of instabilities growing on small shear layers within a larger sheared zone. phase velocities lie approximately within the range of the mean current (Howard, 1961;  Figure B1 ), U min < c < U max . The observer's velocity is assumed to lie in the range of the mean flow, so that U min < 0 and U max > 0. Wavelengths lie between zero and about seven times the thickness of the largest shear layer (e.g., Hazel, 1972;  Figure B2 ).
treating phase velocity and wavelength as independent random variables yields a probability distribution function for the frequency ( Figure B3 ), shown in blue for representative values U min = -1 ms -1 , U max = 1 ms -1 , and λ 0 = 700 m. For comparison, gray bars show the frequency distribution of instabilities computed via linear stability analysis of the observed velocity and density profiles. The theoretical peak frequency, f peak = max (|U min |, U max )/λ 0 , is consistent with that of computed instabilities for this regime, and also with observations ( Figure 10 ). Given that the maximum possible wavelength λ 0 is about 2π times the thickness D of the sheared zone, the peak angular frequency ω peak = 2π f peak is within a factor two of the mean shear. (Since U min < 0, the mean shear would be (U max + |U min |)/D, and the sum of two positive numbers is, at most, twice the greater.) The mean flow is characterized by richardson number of order unity, hence N and the shear are nearly equal, implying that ω peak~ N.
QuaNtIF yING MIxING By KH INStaBIlIt y
To determine the net contribution of KH instability to global mixing, two critical challenges must be addressed.
The first is to quantify the prevalence of KH instability in thermocline internal wave fields. Other forms of instability contribute to thermocline mixing. 
